Introduction
Ionic liquids (ILs) are salts that melt below a postulated temperature of 100 1C.
1 Distinct cation-anion pair associations allow the preparation of task specific ILs leading to their definition of ''designer solvents''. In addition to their tuneability as pure fluids, this feature can be further expanded using mixtures of ILs. 2, 3 Moreover, the use of mixtures of ILs leads to the formation of eutectic mixtures, 4 by lowering the melting temperature of these mixtures as compared to the neat compounds, thus allowing us to obtain a wider range of solvents that could be liquid at temperatures close to or below room temperature. There are some barely known ionic liquid families such as the fluorinated ionic liquids (FILs). Herein, FILs are defined as ILs with fluorous tags equal to or longer than four carbon atoms (distinct from mere fluoro-containing ILs based on bis(trifluoromethylsulfonyl)imide, trifluoromethanesulfonate, hexafluorophosphate or tetrafluoroborate anions). Research on FILs has been reported in few works and has mainly focused on their synthesis and characterization, [5] [6] [7] [8] and their application as catalysts, 9,10 lubricants, 11 electrolytes for electricity storage and solar or fuel cells, 12 as well as in materials. 13 The use of FILs enables us to take unique advantages of both IL and FIL compounds: (i) highly fluorinated compounds, with outstanding chemical and biological inertness; and (ii) ionic liquids, with tuneable solvent quality, vanishing vapour pressure and greater potential. Furthermore, ILs with fluorous alkyl chains can form three nanosegregated domains (polar, nonpolar hydrogenated and nonpolar fluorinated). 14 It has been shown that the presence of these distinct domains increases their surfactant behaviour, increasing their solubilisation power. 15 FILs are also very appealing in relevant applications of fluorinated compounds which have an enhanced tendency to self-assemble in various media into stable, highly organized fluorinated colloids. These media are commonly used as refrigerants, surfactants, polymers, and as components of pharmaceuticals, fire retardants, lubricants, and insecticides. 6 Moreover, fluorinated compounds are used in biomedical applications such as in liquid ventilation and artificial blood substitute formulations, as well as in drug delivery systems. 16 These applications are a direct result of the unique properties of fluorinated fluids, like high solubility ability for gases and low surface tension, and their exceptional chemical and biological inertness.
The molecular structure of FILs is dominated by the strong C-F bond, causing the formation of a rigid structure and decreasing its polarity. 18 This fact has an impact on their viscosity, melting point, density, surface tension, conductivity, solubility, liquidus range, thermal stability and hydrophobicity. 19 Nevertheless, recent studies have demonstrated that their liquidus range decreases with the increasing incorporation of fluorine atoms, e.g. for ionic liquids based on perfluoroalkylsulfonate, perfluoroalkanoate or bis(perfluoroalkylsulfonyl)imide anions (see Table 1 ). Therefore, and to take advantage of the potential of FILs, the goal of this work is to find binary mixtures of FILs to increment their range of applications by decreasing their melting points by the formation of eutectic mixtures. The literature related to ionic liquid mixtures is focused on their interactions, [21] [22] [23] physical properties (such as densities, 24, 25 viscosities, 24 Recently, another work 2 showed the existence of a system that exhibits a continuous solid solution which was the first IL alloy reported in the literature. 2 However, most systems display solid-liquid phase equilibria with common eutectic-type phase diagrams. 2, 34, [38] [39] [40] [41] [42] [43] [44] [45] This kind of phase diagram means that a eutectic physical reaction occurs as an isothermal equilibrium between a liquid phase and two (or more) different solid phases. This phenomenon is typically observed during the cooling of a mixture of salts. The advantage of using mixtures of ILs is that the melting point may be widely decreased and it is possible to enlarge the liquid phase temperature range down to near room temperature in some cases. The right choice of the cation-anion pair in these mixtures allows the adjustment of the melting profile of the mixture by manipulating the chemical structure of the ion-pairs and their interactions, by modifying the lattice energy of the solid state. 46, 47 In this work, we studied binary mixtures, each of them with a common ion, based on FILs and fluoro-containing ILs in order to enlarge the liquidus range of these fluids and to enrich the understanding and characterization of mixtures of ionic liquids. The examination of solid-liquid equilibria (SLE) of mixtures of FILs and that of FILs plus fluoro-containing ILs provide important information to understand fundamental aspects underlying their interactions at a molecular level. We have studied the solid-liquid phase behaviour of four binary mixtures (see Fig. 1 Table 2 depicts the melting temperatures and enthalpies of the pure compounds studied in this work. The phase diagrams for the different mixtures were obtained by differential scanning calorimetry (DSC) and were complemented using X-ray diffraction and polarized optical microscopy. The data were used to access the non-ideality of the mixtures allowing a better understanding of the interactions occurring in ILs.
Materials
Binary mixtures were prepared using the following FILs and fluoro-containing ILs: 1-butyl-1-methylpyrrolidinium nonafluorobutanesulfonate, 498% mass fraction purity, [C 4 
Experimental

Preparation of ionic liquid mixtures
To obtain the solid-liquid phase diagrams, binary mixtures were prepared inside a glove box under an Argon atmosphere, using an analytical balance, Kern AlS220-4N, with an uncertainty of AE1 Â 10 À4 g. The samples were prepared weighting a total of 0.50 g of mixtures over the whole composition range. In order to achieve full homogenization, stirring was applied at 20 K above the melting temperature of the pure IL with the highest melting temperature, for 30 min, to ensure complete homogenization. The systems were then allowed to cool down to room temperature.
Solid-liquid phase diagrams
All solid-liquid transitions of the pure compounds and their mixtures were determined using a differential scanning calorimeter (DSC), Hitachi DSC7000X, working at atmospheric pressure. The DSC was previously calibrated with a primary calibration standard, indium, with weight fraction purities higher than 99%, and at a heating rate of 2 K min
À1
. Samples of about 10 mg were tightly sealed in aluminium crucibles. All compounds were subjected to three repeated cycles of cooling and heating at 2 K min À1 from T = 293.15 K to a temperature higher than the melting point (different temperatures were considered in order to leave a range of E20-30 K between the last transition and the end of the cycle).
In general, the first cycle showed slight differences in comparison with the second and the third. This is due to both the solid-solid transition temperatures and enthalpies and due to the thermal history of the sample, and thus, proper homogenization of the samples in the crucible. The properties reported herein correspond to the last two heating runs. In order to avoid the condensation of water at the lowest temperatures inside the oven a constant nitrogen flow of 50 cm 3 min À1 was supplied to the DSC cell. Transition temperatures were taken as the peak top values. The uncertainty of the transition temperatures and the enthalpies are taken to be AE2 K and AE1 kJ mol À1 , respectively. The melting properties of the pure compounds reported in Table 2 were obtained from similar experimental procedures. 
X-ray diffraction measurements
lamella and sealed with thermal glue in order to improve the thermal transfer of the heating process and to avoid the adsorption of water.
Modelling and ideal behaviour assessments
The modelling of the solid-liquid equilibrium to describe the phase diagrams can be carried out using the following equation: 
Additionally, if one considers a simple eutectic behaviour, where the pure compounds are immiscible in the solid phase, the term associated with the non-ideality of the component i in the solid phase is taken as z i g S i = 1.0. Thus, the following equation can be used:
Results and discussion The SLE phase diagrams of each binary mixture were built from DSC data. The binary mixtures investigated show three different types of SLE behaviour. As discussed below, two of the systems-namely [C 4 SO 3 ] are displayed in Fig. 2 . These mixtures present eutectic profiles with partial miscibility close to the pure compounds, as confirmed by the Tamman plots (Fig. S1 and S2 in the ESI †) SO 3 ] . These compositions were further confirmed by the analysis of the Tamman plots, being in close agreement.
In order to evaluate the non-ideality of the systems studied, the activity coefficients of the liquid phase were calculated for both binary systems. The results obtained are depicted in Fig. 3 . The activity coefficients were calculated using two approaches: (i) using eqn (2), i.e. considering that the solid phase is considered partially soluble; and (ii) using eqn (3), i.e. considering that the solid phase is immiscible and thus the liquid phase activity coefficients can be calculated from the experimental data. The activity coefficients were calculated by the correlation of the experimental data with the Margules 3-suffix equation (parameters are presented in the caption to Fig. 2 ). The results obtained show that when the partial miscibility is not considered, the activity coefficients calculated (Fig. 3,  symbols) SO 3 ] ). However, when the partial miscibility of the solid phase is accounted for (Fig. 3, continuous line) (Fig. 2b) , the activity coefficient calculated using both approaches was the same, showing its real tendency to be in an immiscible condition at the solid phase. [C 4 Fig. 6 . The full line shows our interpretation of phase transitions in this system. Given its complexity no attempt to model this system was done. The complex nature of this binary system is directly related to the nature of the studied ionic liquids, with [N 1112(OH) ][C 4 F 9 SO 3 ] presenting several polymorphic forms as reported in Table 2 and represented in Fig. 6 An X-ray study in which the temperature was varied was also carried out and the results are plotted in Fig. 8 . The crystalline structure of the pure [N 1112(OH) ][C 4 F 9 SO 3 ] changes with temperature. This fact supports the polymorphs reported in Table 2 and Fig. 6 . In the diffractogram for the mixture x [C 4 C 1 pyr][C 4 F 9 SO 3 ] = 0.24 (see Fig. 8 ), some peaks decrease their intensity along with an increase in temperature confirming the phase transitions shown in the phase diagram (see Fig. 6 ). . In addition to these intriguing behaviours, novel fluorinated ionic liquids with lower melting temperatures were found by mixing high-melting temperature FILs, thus enlarging the range of ILs that can be used at lower temperatures for target applications.
Conclusions
